The gene that codes for cannabinoid receptor 1 (CNR1) represents an important target for investigations designed to elucidate individual differences in the etiology of alcohol dependence.
T

HERE IS GROWING RECOGNI-
tion that cannabinoid receptor type 1 (CB1) plays a major role in alcohol and other drug addictions. [1] [2] [3] [4] [5] [6] Much of this work has focused on the interaction between the cannabinoid system and neuronal substrates that underlie drug-seeking behavior (Kalivas and Volkow 7 provide a review of the neurobiologic mechanisms). The CB1 receptor is the most prevalent G protein-coupled receptor in the brain, and the CB1 receptor is densely localized to the same structures that underlie drugseeking behavior (eg, the ventral tegmental area [VTA] , nucleus accumbens [NAcc] , prefrontal cortex [PFC] , basolateral amygdala, and hippocampus). On a mechanistic level, the cannabinoid system regulates the release of dopamine, ␥-aminobutyric acid (GABA), and glutamate. The CB1 receptors located on GABA interneurons suppress GABA release, which disinhibits dopaminergic projections to the accumbens and increases dopaminergic activation (Maldonado et al 5 and De Vries and Schoffelmeer 6 provide reviews). The CB1 receptors also regulate glutamatergic projections from the basolateral amygdala and hippocampus by inhibiting the release of GABA and GABAergic projections from the accumbens to the VTA, indirectly activating the VTA. 5, 6 With respect to alcohol, the CB1 receptor mediates the effects of alcohol on the neuronal circuitry that underlies reward and the attribution of incentive salience. Recent studies have demonstrated that CB1 antagonists (eg, rimonabant) block the ability of alcohol to initiate the release of dopamine in the accumbens, 3 decrease alcohol intake in alcohol-preferring [8] [9] [10] [11] [12] and normal 13 rats, and prevent the ability of cues associated with alcohol and other drugs to reinstate consumption. 6, [14] [15] [16] In addition, CB1 agonists increase alcohol intake in rats. 17 Moreover, CB1 knockout mice consume less alcohol, 3, [18] [19] [20] show deficits in cue-initiated reinstatement and place preference, 20, 21 and do not demonstrate alcohol withdrawal symptoms 22 or alcohol-induced increases in dopamine release in the accumbens. 3, 19 Furthermore, alcohol-preferring animals have greater levels of CB1 messenger RNA in the structures that underlie drug-seeking behavior. 23 Thus, the evidence is clear about the importance of the CB1 receptor and the gene that codes for this receptor (CNR1 [OMIM 114610]). erature are almost nonexistent. Although a CB1 antagonist has been tested with nicotine dependence, to our knowledge, there have been no published trials with alcohol dependence. Regarding the gene that codes for the CB1 receptor, several studies [24] [25] [26] found an association between CNR1 genetic variants and alcohol dependence, and 2 others 27, 28 did not. Contradictory results are not surprising given the many variables that affect the development of alcohol dependence, the potential error in the assignment of the diagnosis, and the dichotomous nature of a variable that reflects a spectrum disorder. Thus, the use of alcohol dependence as the sole phenotypic end point is a limitation. One of these studies 25 noted that several single-nucleotide polymorphisms (SNPs) were associated with messenger RNA changes, and these same SNPs also overlap with SNPs associated with a rewardrelated neuroimaging phenotype. 29 The present investigation encompassed multiple approaches, including receptor binding in postmortem brain tissue, functional magnetic resonance imaging, human laboratory models, and analyses of treatment outcome data. Specifically, this investigation was designed to test the effect of a specific CNR1 SNP (rs2023239) associated with substance dependence and CNR1 messenger RNA changes 25 and linked to loci associated with a neuroimaging phenotype. 29 Three hypotheses were tested: (1) rs2023239 may be associated with differential CB1 binding in the PFC based on previous evidence suggesting a link with messenger RNA levels 25 ; (2) rs2023239 may be associated with differences in brain activation during the presentation of alcohol cues using a neuroimaging paradigm and may be associated with the rewarding effects of alcohol based on previous evidence suggesting an association with neuroimaging phenotypes and the extensive literature on the importance of the CB1 receptor in alcohol reward; and (3) rs2023239 may be associated with the effects of a medication on the incentive salience of alcohol and drinking behavior in a treatment outcome trial based on the notion that the medication is effective because it dampens mesocorticolimbic activity.
METHODS
Each of the multiple approaches used in this investigation is described in the following subsections. All the studies were approved by the University of Colorado human research committee.
CB1 BINDING ASSAY IN HUMAN POSTMORTEM BRAIN TISSUE
From 25 to 50 mg of recently collected postmortem tissue (from Brodmann areas 9 and 10) from 20 individuals (10 male white alcoholics and 10 matched controls) was received on dry ice from the Australian Brain Donor Program New South Wales Tissue Resource Centre, University of Sydney, and was immediately stored in a −70°C freezer.
To prepare crude particulate fractions, samples were thawed, suspended in 0.1X buffer (buffer consists of NAcc, 140mM; potassium chloride, 1.5mM; calcium chloride, 2.0mM; magnesium sulfate, 1.0mM; and N- [2-hydroxyethyl] piperazine-NЈ-[2-ethanesulfonic acid], 25mM; pH, 7.5), homogenized using a motor-driven pestle, and centrifuged at 15 000g for 20 minutes. The supernatants were discarded, and the pellets were resuspended in fresh 0.1X buffer and again centrifuged. The resuspension/centrifugation cycle was repeated 3 times. After the fourth centrifugation, the supernatant was discarded, fresh hypotonic buffer was added, and the samples were stored frozen as pellets until assay for tritium-labeled CP55,940 binding.
Tritium-labeled CP55,940 binding was measured as described previously 30 ,31 using a 96-well cell harvester (Inotech Biosystems, Rockville, Maryland) with the following modifications. The total volume of the binding reactions was 210 µL. Immediately before filtration, volumes were increased to 1 mL with 0.1% bovine serum albumin and filtration was performed using 0.1% bovine serum albumin as wash solution. The tritium-labeled CP55,940 concentration was 1.2nM, and nonspecific binding was determined in the presence of CP55,940, 10µM. Samples were counted using a liquid scintillation counter (MicroBeta TriLux; Perkin Elmer, Wellesley, Massachusetts) after the addition of scintillant. Binding levels were determined using the method of Lowry et al.
32
GENOMIC DNA EXTRACTION AND SNP GENOTYPING
Genomic DNA was collected from buccal cells (cheek swabs) following published procedures. 33, 34 For the brain samples, genomic DNA was extracted from 5 to 10 mg of the PFC using a commercially available product (DNeasy Mini Kit; Qiagen, Valencia, California) according to the manufacturer's recommendations. The purity and quantity of DNA were determined by means of spectrophotometric analysis and then adjusted to a concentration of 20 ng/µL. The SNP rs2023239 was assayed using a premade TaqMan genotyping assay (hcv11600616; Applied Biosystems, Foster City, California). The SNP assays were performed using a reaction volume of 15 µL, which consisted of 7.5 µL of TaqMan 2X universal master mix (Applied Biosystems), 0.38 µL of 20X TaqMan predesigned SNP genotyping assay, 6.14 µL of nuclease-free water, and 1 µL of genomic DNA. After polymerase chain reaction amplification per the manufacturer's recommendations, SNP genotypes were determined by allelic discrimination using a sequence detector instrument (ABI-7500; Applied Biosystems). At least 10% of the samples were repeated, and no error was detected when comparing those samples with the previous samples.
NEUROIMAGING ANALYSES
Blood oxygenation level-dependent functional magnetic resonance images were collected for 34 individuals during exposure to alcohol cues. 35 For inclusion, individuals had to report drinking twice per week and at least 5 drinks per occasion ( ). Details on the procedure are presented elsewhere. 35 Participants were presented with 2 echoplanar imaging (EPI) runs consisting of subject-relevant alcohol vs control taste cues (litchi juice). Each EPI consisted of 12 pseudorandom trials of the alcohol and control taste cues. A single trial was composed of a continuous 24-second taste delivery period (total liquid delivered, 1 mL) accompanied by visual instructions. This was followed by a 16-second washout wherein the word rest was visually presented.
Blood oxygenation level-dependent images were collected using a 3-T scanner (Signa; GE Healthcare, Milwaukee, Wisconsin) using a gradient-echo, echoplanar sequence (repetition time, 2000 milliseconds; echo time, 30 milliseconds; flip angle, 90°; field of view, 24 cm; matrix size, 64ϫ64; slice thickness, 5 mm; and number of slices, 29). For 2-stage registration of the EPIs, a high-resolution, T1-weighted, 3-dimensional magnetic resonance image (40 axial slices of part of the head; matrix, 512 ϫ 512) acquired using the same slice angles, thickness, and gap as the EPIs and a high-resolution structural image using the inversion-recovery, spoiled, gradient-echo recalled sequence (inversion time, 500 milliseconds; flip angle, 7°; slice thickness, 1.5 mm; matrix, 256ϫ256; field of view, 200ϫ200 mm; bandwidth, 15.6 kHz; and number of slices, 124) were collected close to EPI acquisition. The tastes were delivered via fluorocarbon resin tubing using a computer-controlled pump system (Custom Infinity Controller; J-Kem Scientific, St Louis, Missouri) that was synchronized with visual instructions programmed in E-Prime 38 and presented using a goggle system. Imaging data analyses were conducted through FEAT (FMRI Expert Analysis Tool) version 5.43, part of FSL (FMRIB Software Library). Standard preprocessing was applied, including nonbrain removal using the Brain Extraction Tool method, 39 spatial smoothing using a gaussian kernel of full width at half maximum of 8-mm, mean-based intensity normalization of all volumes by the same factor and high-pass temporal filtering ( = 50.0 seconds). Time series statistical analysis was performed using FMRIB's Improved Linear Model with local autocorrelation correction. 40 Regressors were created by convolving the stimulus timing files with a double ␥-variate hemodynamic response function. A multiple linear regression analysis was performed to estimate the hemodynamic parameters for different explanatory variables (ie, alcohol taste period, control taste period, and baseline period), and a corresponding t statistic indicated the significance of the activation of the stimulus. The primary contrast was the alcohol vs control taste period. For comparisons between genotype groups, these contrast maps were then registered to a high-resolution image using FMRIB's Linear Image Registration Tool. A priori region-of-interest anatomical masks were created using previously described methods 35 for the NAcc/ventral striatum, the VTA, the orbitofrontal cortex (OFC), and the ventromedial PFC (VMPFC). Group-level analysis was performed using FLAME (FMRIB's Local Analysis of Mixed Effects) stage 1 only (ie, without the final Markov Chain Monte Carlo-based stage). 41 ,42 Z (gaussianized T/F) statistical images were thresholded using gaussian random field theory-based maximum height thresholding with a significance of P=.05. 43 To determine the relationship between brain activation in response to cues and subjective craving, Pearson product moment correlations were performed between region-of-interest (NAcc, VTA, left and right OFC, or VMPFC) peak percentage signal change values and AUDIT and AUQ scores. For these analyses, more restricted region-of-interest masks for the smaller regions, such as the NAcc (x, 8 to 16; y, 14 to 6; z, −4 to −12) and the VTA (x, −8 to −4; y, −10 to −18; z, −8 to −16), were used for better localization. Group differences were investigated by converting the correlation coefficients to z scores and dividing the difference by the standard error. Larger masks were used in the main analyses to avoid missing significant findings. The regions of interest for the correlation analysis were restricted to a smaller size to focus the correlations on the peak activity in the theoretically meaningful voxels.
SHORT-TERM RESPONSES TO ALCOHOL
Study 1
Volunteers (n=74) provided informed consent before participating. Participants were compensated $100 for study completion. Moderate to heavy drinkers aged 18 to 25 years were recruited from the Denver or Boulder, Colorado, metropolitan area.
Participants were scheduled for 2 sessions, 1 week apart. Consistent with previous studies, 35 participants consumed 3 standard drinks with equivalent alcohol content during 1 session and 3 placebo drinks in the other session, for which the order was randomized. Laboratory sessions were scheduled between noon and 6 PM. After each drink, participants completed measures of reward and positive affect. During the baseline session, participants completed a battery of self-report tobacco use assessments. A demographic questionnaire collected information on age, sex, marital status, socioeconomic status, occupation, annual income, educational level, and race. An alcohol history questionnaire collected information on frequency and quantity of alcohol use. At the beginning of the following (experimental) session, participants underwent breathalyzer testing to ensure that they had not been drinking before the session. The rewarding effects of alcohol were measured using the Alcohol Rating Scale, which included the following items: How satisfying was the drink? How enjoyable was the drink? How much did you like the drink? The elation scale from the Profile of Mood States was used to measure positive affect. 44 Analyses involved a 2 (genotype: TT vs CT) ϫ 3 (drink: 1 vs 2 vs 3) analysis of variance (ANOVA). The difference scores (alcohol session minus placebo session) for reward and positive affect were the dependent variables in the ANOVA.
Study 2
To provide further replication, data from a previously published study (n = 67) were reanalyzed with rs2023239. 34 The methods differed considerably because the present study did not include a placebo alcohol condition and was designed to examine the effects of active and control medications on responses to alcohol. The dependent variables were subjective high and reward (as described previously).
TREATMENT STUDY
To examine the treatment implications of rs2023239, we reanalyzed data from a previous clinical trial (N = 69) that involved a medication that targets the mesocorticolimbic neurocircuitry. The methods of this study are described briefly; they are described in detail elsewhere. 34 Participants were selected based on DSM-IV criteria for alcohol dependence and the consumption of 14 drinks (women) or 21 drinks (men) on average per week for 4 consecutive weeks. Participants had to be within 21 days of their last drink to be included. Patients were excluded if they met the criteria for specific psychiatric diagnoses (bipolar disorder, schizophrenia, bulimia, or anorexia nervosa), reported a psychological disorder requiring pharmacotherapy, endorsed current use of illicit drugs other than marijuana, or tested positive for illicit drugs other than marijuana.
The analyses included 69 participants randomized to a 12-week trial of olanzapine (5 mg) or placebo. Participants completed baseline measures of demographics, personality, alcohol use, alcohol-related problems, and motivation for change. At 2 weeks, these participants completed a cue reactivity assessment that involved comparing reactivity between controls (eg, a nonalcoholic beverage such as Gatorade) and alcoholrelated cues (eg, the preferred alcoholic beverage). During the control cue exposure, participants were asked to lift and sniff Gatorade without tasting it for 3 minutes. Participants completed measures of mood and craving before and after exposure. After a 5-minute relaxation period, participants repeated the cue exposure with their preferred alcoholic beverage and completed the same craving and mood measures. All the participants received 2 sessions of a brief, psychosocial interven-tion. These sessions occurred at the end of the baseline and cue reactivity sessions.
With respect to cue reactivity, the AUQ was used to measure craving during the cue reactivity assessment. The AUQ consists of 8 items rated on a 7-point Likert scale anchored by "strongly disagree" and "strongly agree." The AUQ has demonstrated high reliability in assessing urge to drink. 37 Consistent with previous studies, 45-47 the primary outcomes were drinks per drinking day measured at baseline and at 4, 8, and 12 weeks using a timeline follow-back procedure. 48 Of the 69 participants, 46 had the TT genotype, 22 had the CT genotype, and 1 had the CC genotype. For the analyses, the individual with the CC genotype was included in the CT group. The baseline data suggested that the groups did not differ on sex, ethnicity, or tobacco use. Figure 1 depicts the regulatory and coding regions of CNR1 based on the study by Zhang et al 25 and the National Center for Biotechnology Information. Analyses were focused on rs2023239 found in the region upstream of exon 3, which has been described as an alternative promoter. 25 Each approach described in the "Methods" section has a corresponding result subsection.
RESULTS
CB1 BINDING LEVELS IN POSTMORTEM PFC
To test the association between rs2023239 and CB1 receptor levels, CB1 binding was quantified in postmortem human PFC and the relationship between rs2023239 and CB1 binding was assessed. Ten samples were genotyped as TT and 10 as CT. The ANOVA revealed that individuals with the CT genotype for rs2023239 demonstrated significantly greater CB1 binding in Brodmann areas 9 and 10 compared with individuals with the TT genotype (F 1,16 =9.62, P Ͻ.01) (Figure 2) .
CUE-ELICITED CRAVING AND BRAIN ACTIVATION
Because CNR1 receptors modulate the mesocorticolimbic neurocircuitry that underlies drug-seeking behavior in animals, 5, 6 it was expected that the genetic variation that alters CB1 receptor levels would also be associated with the differential activation of these structures during exposure to alcohol cues. To explore the functional significance of rs2023239, data from a recent neuroimaging study 35 were reanalyzed. Participants were 34 heavy drinkers who were right-handed and had no history of psychiatric or neurologic disorders. Two participants had the CC genotype and 8 had the CT genotype. Individuals with at least 1 copy of C (n=10; mean [ Figure 1 . Depiction of the cannabinoid receptor type 1 gene (CNR1) genomic region, the location of rs2023239, and linkage disequilibrium (LD) throughout the region. A, The location of the CNR1 gene on chromosome arm 6q15. B, The location of the coding region (box indicated by the arrow), potential noncoding exons, and the untranslated region as depicted by Zhang et al. 25 The regions of significant LD are depicted by the hashed rectangles. The asterisk shows the location of a predicted recombination hotspot. bp indicates base pair. tive (ie, litchi juice) appetitive controls in the NAcc, VMPFC, VTA, and OFC compared with the TT group (PϽ.05) (Figure 3) . Pearson product moment correlations between peak activity in these regions and subjective measures indicated several significant findings. In the CT group, the alcohol use disorder score, measured using the AUDIT, was significantly correlated with activation of the NAcc (r = 0.83, P = .003) and the VMPFC (r=0.68, P=.03) using the alcohol vs active control contrast. In addition, the urge to consume alcohol in the CT group, as measured using the total AUQ score, was also significantly correlated with the VMPFC (r=0.67, P=.03), the left OFC (r = 0.80, P = .005), and the right OFC (r=0.62, P=.06). The only correlations that were significant in the TT group were the correlations between the left and right OFC and the AUDIT score (r=0.42, PϽ.05 and r =0.51, P= .01) (Table) .
SHORT-TERM EFFECTS OF ALCOHOL ON SUBJECTIVE REWARD
A human laboratory study was conducted to determine whether rs2023239 was associated with the rewarding effects of alcohol. Fifty-six individuals had the TT genotype, 15 had the CT genotype, and 3 had the CC genotype for rs2023239. The individuals with the CC and CT genotypes were combined into 1 group to facilitate analyses. The first set of analyses tested for differences between the TT and CT groups on demographics and alcohol/other drug use variables. There were no differences in self-reported ancestry. There was 1 individual with African American ancestry in the TT group; the CT group included 1 Latin American, 1 Asian, and 1 African American individual. Of the TT group, 50% smoked tobacco, and of the CT group, 54% smoked tobacco. There were no significant differences (P Ͼ .05) between the TT and CT groups in mean (SD) age (21.6 [3] years vs 22.4 [3] years), sex (66% vs 79% male), or mean (SD) pastmonth quantity of alcohol use measured using a 30-day timeline follow-back method (72 [50] vs 72 [41] standard drinks). Mean breath alcohol levels after each of the 3 drinks were 0.018%, 0.038%, and 0.055% and did not differ by genotype. To ensure that population stratification was not a confounding factor, analyses were repeated with only the white individuals. No differences emerged. The primary analyses focused on the reward and positive affect scales of the Profile of Mood States. The analyses involved a 2 (genotype: TT vs CT or CC) ϫ 3 (drink: 1 vs 2 vs 3) repeated-measures ANOVA. The dependent variable was the difference between the alcohol and placebo beverage scores for each drink. Analyses revealed a significant main effect for genotype (F 1,69 = 4.27, P Ͻ .05) such that individuals with the CT genotype reported significantly greater reward and positive affect after drinking (F 1,69 =6.27, P Ͻ.05) (Figure 4A and B) .
To determine whether these results could be replicated with an earlier study, data from a previously published study 33 were reanalyzed. This previous study allowed us to examine the interaction between a medication that targets the dopamine system (olanzapine) and rs2023239. The analyses involved a 2 (medication: olanzapine vs cyproheptadine hydrochloride) ϫ 2 (genotype: TT vs CT and CC) ϫ 3 (drink: 1 vs 2 vs 3) repeatedmeasures ANOVA. The analyses revealed a genotype ϫ drink interaction (F 2,112 = 5.19, P = .01) such that individuals with the CT genotype reported greater reward from the alcoholic beverages. There were no significant genotype ϫ medication interactions on this measure (PϾ.05). In lieu of positive affect, we examined self-reported high. The analyses revealed a significant medication ϫ genotype ϫ drink interaction on self-reported high (F 2,112 =3.39, PϽ.05). Individuals with the CT (or CC) genotype (n=9) who received the active control medication (cyproheptadine) reported the greatest high after the third drink ( Figure 4C ). There were no significant differences between individuals with the CT genotype and those with the TT genotype for the olanzapine condition ( Figure 4D ).
CUE-ELICITED CRAVING AND TREATMENT OUTCOME
Given the suggestion that there might be an interaction between CNR1 variation and olanzapine on the rewarding effects of alcohol, we reanalyzed data from a recent clinical trial of olanzapine. 34 This study examined the effects of olanzapine (5 mg) on cue-elicited craving and drinks per drinking day during a 12-week trial in a sample of treatment-seeking alcohol-dependent individuals. In the reanalysis, rs2023239 was included as a moderator. There were 23 individuals in the CT group and 46 individuals in the TT group. The analyses revealed a significant medication ϫ genotype ϫ cue interaction on craving (F 1,65 =5.29, PϽ .05) such that individuals with the CT genotype reported greater cue-elicited craving when treated with placebo vs olanzapine ( Figure 5A and B). Individuals with the CT genotype reported greater drinks per drinking day compared with individuals with the TT genotype when treated with placebo vs olanzapine (F 1,65 =3.94, P =.05) ( Figure 5C and D) .
COMMENT
Frequently, studies of a genetic association lack mechanistic, translational data that link genetic variation with downstream changes in biological and behavioral phenotypes and the course of a disorder or treatment response. The present investigation was designed to translate the effects of variation in the CNR1 gene across different levels of phenotypes, from changes in receptor binding to neuronal activation after an alcohol cue challenge, to the subjective effects of alcohol consumption, and, ultimately, to treatment outcome differences. Based on previous studies suggesting that rs2023239 was the locus with the strongest association with substance abuse 25 and in the region associated with differential brain activation to rewarding stimuli, 29 this variation was advanced for more in-depth analysis. Analyses at the molecular level using human postmortem tissue suggest that the SNP was associated with greater CB1 receptors in critical prefrontal structures and, hence, might alter the response of the mesocorticolimbic circuitry that underlies drug-seeking behavior.
From the animal literature, it was clear that a variation in the CNR1 gene associated with increased levels of CB1 receptors in the PFC might alter the acquisition or expression of incentive salience for alcohol. To test this functional hypothesis, a neuroimaging paradigm examined the activation of mesocorticolimbic structures during exposure to the taste of an alcoholic beverage. The findings suggest that the C allele of rs2023239 is asso- a Results of Pearson product moment correlations between peak percentage signal change within the a priori regions of interest for the alcohol taste greater than control taste contrast and self-reported craving as measured using the AUDIT and the AUQ are shown.
ciated with greater activation of the NAcc, OFC, VTA, and VMPFC during exposure to alcohol vs either rest or control (ie, juice) cues. Not only do individuals with the CT genotype demonstrate greater activation in these key structures, but this activation (ie, the alcohol vs control contrast) is also strongly associated with alcohol use disorder and craving measures in individuals with the CT genotype. The findings from the neuroimaging study suggest that rs2023239 may be associated with changes in the mesocorticolimbic neurocircuitry, which, in turn, may mediate a change in the incentive salience of alcohol and the risk of an alcohol use disorder.
At the behavioral and clinical levels, data were analyzed from a new study and a previously published study of moderate to heavy non-treatment-seeking drinkers. In both studies, individuals with the CT genotype reported greater reward than those with the TT genotype when consuming alcohol. Specifically, individuals with the CT genotype seem to enjoy drinking alcohol more than those with the TT genotype. In addition, consistent with the neuroimaging results, there was a significant interaction with a medication that targets mesocorticolimbic neurocircuitry. These findings are also consistent with the animal studies that manipulated CB1 function and found that the CB1 receptor forms a critical link between alcohol and dopamine release in mesocorticolimbic structures. Thus, it seems that the CB1 receptor and the polymorphisms that alter the regulation of this receptor may affect the effects of alcohol on the mesocorticolimbic structures that underlie drugseeking behavior. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] The implication is that incentive salience may increase more rapidly with repeated exposure to alcohol in individuals with the CT genotype such that those with high levels of exposure might be expected to demonstrate greater levels of cue-elicited craving and might benefit from medications that target this neuronal circuitry.
In fact, this hypothesis was tested using data from a recent clinical trial. 34 Individuals with the CT genotype demonstrated greater cue-elicited craving when treated with placebo but not when treated with a medication designed to dampen the mesocorticolimbic reactivity to cues. During a 12-week trial, alcohol-dependent individuals with the CT genotype demonstrated significant reductions in drinking during treatment with the active medication compared with placebo treatment. Conversely, individuals with the TT genotype responded equally well to the combination of placebo and psychosocial treat- ment vs active medication and psychosocial treatment. These findings are similar to those with the DRD4 variable number of tandem repeats reported by Hutchison and colleagues. 34 Notably, 2 tests indicated that these 2 loci were not linked in this sample.
Several limitations should be acknowledged. The sample size for the postmortem analyses is relatively small. Detecting the functional effects of genetic variation in postmortem tissue would benefit greatly from larger sample sizes. Because the results were consistent across the different studies in this article, we have confidence in these findings, although a larger sample size would be useful for providing a definitive test of the association between rs2023239 and CB1 receptor levels. Larger sample sizes in the context of the neuroimaging, behavioral, and clinical studies would also be helpful for testing the additive effects of genetic markers (eg, the DRD4 variable number of tandem repeats polymorphism 33, 34, 49 and the µ-opioid receptor gene [OPRM1] A/G SNP 50, 51 ) that have also been linked to these phenotypes. Another commonly cited limitation is population stratification. Although it is always possible that the results may be confounded by population stratification or other third variables, 52 it is highly unlikely in the present study because the participants in each of the data sets were predominantly white (approximately 95%) and the findings were consistent across multiple studies and levels of analysis. We did not use genomic controls because the cost of assaying hundreds of extra markers was high, the benefits of using genomic controls in a sample that is 95% white were uncertain, 53 and a reasonable alternative was available (ie, using self-reported ancestry as a covariate). Finally, future studies may benefit from testing additional loci in CNR1. A recent study 26 used a haplotype approach to identify 2 SNPs that are associated with alcohol and drug dependence, 1 of which is linkage disequilibrium with rs2023239.
Overall, these findings suggest that individuals with the CT genotype may carry a genetic vulnerability that affects CB1 receptor levels in the mesocorticolimbic structures that underlie the rewarding effects of alcohol and the attribution of incentive salience to alcohol cues. The neuroimaging data, specifically the correlations between blood oxygenation level-dependent activation and alcohol use problems, suggest that the increased reactivity of these structures in response to alcohol cues may play an important role in the pathogenesis of alcohol dependence for these individuals. For individuals without a genetic load for increased reactivity to cues, other factors may be more influential in the pathogenesis of alcohol dependence. Likewise, the treatment study is consistent with the notion that individuals with this genetic risk may benefit most from a treatment that targets mesocorticolimbic reactivity, whereas individuals without this genetic risk may benefit minimally from this type of treatment. 
